Caspase-2 is an initiator caspase, which has been implicated to function in apoptotic and non-apoptotic signalling pathways, including cell-cycle regulation, DNA-damage signalling and tumour suppression. We previously demonstrated that caspase-2 deficiency enhances E1A/Ras oncogene-induced cell transformation and augments lymphomagenesis in the ElMyc mouse model. Caspase-2 À / À mouse embryonic fibroblasts (casp2 À / À MEFs) show aberrant cell-cycle checkpoint regulation and a defective apoptotic response following DNA damage. Disruption of cell-cycle checkpoints often leads to genomic instability (GIN), which is a common phenotype of cancer cells and can contribute to cellular transformation. Here we show that caspase-2 deficiency results in increased DNA damage and GIN in proliferating cells. Casp2 À / À MEFs readily escape senescence in culture and exhibit increased micronuclei formation and sustained DNA damage during cell culture and following c-irradiation. Metaphase analyses demonstrated that a lack of caspase-2 is associated with increased aneuploidy in both MEFs and in ElMyc lymphoma cells. In addition, casp2 À / À MEFs and lymphoma cells exhibit significantly decreased telomere length. We also noted that loss of caspase-2 leads to defective p53-mediated signalling and decreased trans-activation of p53 target genes upon DNA damage. Our findings suggest that loss of caspase-2 serves as a key function in maintaining genomic integrity, during cell proliferation and following DNA damage.
DNA damage. 20 This follows activation of multiple downstream targets, including Chk1, Chk2 and p53 leading to checkpoint activation and DNA repair. Activation of p53 is tightly regulated by ATM-dependent Chk2-mediated phosphorylation and stabilisation and Mdm2-ubiquitin ligasemediated degradation. 20, 21 In addition, the tumour suppressor protein, p19
Arf , sequesters and inhibits Mdm2 and allows transactivation of a number of p53 target genes that control cell growth or apoptosis. 22, 23 Inaccurate DNA repair or aberrant cell-cycle checkpoint surveillance results in accumulation of DNA damage and genomic or chromosome instability (CIN). 20 Mutations in ATM (ataxia-telangiectasia), ATR (Seckel syndrome) and Chk2 (Li-Fraumeni syndrome) all display signs of genomic instability (GIN) and increased susceptibility to cancer. [24] [25] [26] GIN and CIN commonly arise from changes in whole chromosome number (aneuploidy) and there is strong evidence that aneuploidy is important for tumour development. 27 GIN precedes cellular transformation and oncogenesis and is frequently associated with loss of p53 function. 28, 29 The activation of the DDR is therefore critical to maintain genome stability, but the mechanisms underlying the decision to activate DNA repair and survive or to die are not fully understood.
Given that earlier studies suggest a function for caspase-2 in cell-cycle regulation, proliferation and tumour suppression, we tested whether the deficiency of caspase-2 leads to GIN. In this study, using primary mouse embryonic fibroblasts (MEFs) and spontaneously immortalised MEFs (iMEFs) from casp2 þ / þ and casp2 À / À mice, we demonstrate that cells lacking caspase-2 display increased DNA damage, aneuploidy and GIN in culture. We also show that caspase-2-deficiency results in reduced p53 activation and consequently reduced p21 expression in response to DNA damage. Thus, our data show that caspase-2 is important in maintaining genome stability and provides a possible mechanistic basis for its function as a putative tumour suppressor.
Results

Casp2
À / À MEFs are rapidly immortalised in culture. Primary MEFs are known to undergo senescence in culture. 30 We assessed whether caspase-2-deficiency affects proliferative capacity and onset of senescence over serial passages in culture. We found that casp2 À / À MEFs exhibit a faster population doubling time (B25-30 h) over the first three passages compared with wild-type (casp2 þ / þ ) MEFs (45 h). Casp2 þ / þ and casp2 À / À MEFs both showed slowing proliferation over serial passages, with their population-doubling time increasing to 100-110 h by passage 8 ( Figure 1a ). The increase in doubling time in casp2 þ / þ cells was associated with cells entering senescence by passage 6, as detected by SA-b-gal activity (Figure 1c) . Interestingly, although casp2 À / À MEFs also displayed slower proliferation by passage 6, there was no significant increase in the number of senescent cells at this time and no significant increase in levels of p19
Arf and p16 Ink4a transcript, two key senescence-induced genes, 19 ,31 compared with casp2
þ / þ cells ( Figure 1d ).
We found that casp2 À / À MEFs overcome the slower doubling time observed at passage 6 more readily than casp2 þ / þ cells and we were able to readily isolate several casp2 À / À MEF clones that had escaped senescence as a result of spontaneous immortalisation (Supplementary Figure S1 ).
32
Casp2
þ / þ MEFs also became immortalised but at a later passage (P8). The iMEFs were characterised by their ability to be continually passaged and their faster growth rate compared with primary MEFs. The casp2 À / À iMEFs again showed significantly increased proliferation rate compared with casp2 þ / þ iMEFs (Figures 1e and f) . In addition, casp2
iMEFs appeared morphologically different, less fibroblastic and more rounded compared with casp2 Figure S1 ), but still exhibited contact inhibition and were unable to grow in soft agar (data not shown), indicating that they were not transformed. These findings indicate that loss of caspase-2 enhances cell proliferation and allows cells to readily overcome cellular senescence in cell culture.
Several studies have implicated caspase-2 in regulating DNA damage and cell-cycle checkpoint responses. 17, 33, 34 We investigated cell-cycle checkpoint responses by phosphohistone H3 (Ser10) (pH3) staining, to quantify mitotic cells, using immortalised MEFs (iMEFs and SV40-immortalised MEFs) as they showed faster proliferation rates (Figure 1f and data not shown) and could be readily arrested by g-irradiation treatment. Both casp2 þ / þ and casp2 À / À immortalised MEFs displayed efficient G2 arrest 4 h after IR, as indicated by the reduction in the number of pH3 positive cells (Supplementary Figure S2) . Interestingly, the casp2 À / À immortalised MEFs were able to overcome IR-induced G2 arrest more readily by 8 h post IR compared with casp2 þ / þ cells. Taken together, these findings indicate that loss of caspase-2 disrupts IR-induced G2/M checkpoint regulation.
Loss of caspase-2 results in increased DNA damage. The increased proliferative capacity and increased ability to overcome replication induced senescence in casp2 À / À MEFs led us to assess whether loss of caspase-2 results in increased DNA damage. We assessed the frequency of micronuclei (MN) which can originate from DNA breaks, chromosome fragments or lagging chromosomes during aberrant cell division. 35 Primary casp2 À / À MEFs consistently exhibited increased MN formation following serial passages compared with casp2 þ / þ MEFs (Figures 2a  and b) . We also assessed MN following cytokinesis-block (CBMN), by treating primary MEFs with cytochalasin B for 24 h to quantitate MN following a single nuclear division (Figures 2a and c) . We observed a significantly higher percentage of binucleate cells with MN in both early and late passage casp2 À / À MEFs compared with casp2 þ / þ MEFs (Figure 2c ). This indicates that loss of caspase-2 leads to increased replicative DNA damage. The efficiency of cytochalasin B-induced anaphase arrest was approximately 50% as indicated by the number of binucleate cells (Figure 2d ). Although the percentage of binucleated casp2 þ / þ cells was reduced to 25-35% at late passages (P6-P8), the casp2 À / À MEFs were still 40-50% binucleate, which is another indication of the higher proliferative capacity of late passage casp2 À / À MEFs (Figure 2d ). We next assessed the extent of DNA damage following IR treatment by gH2AX staining, a marker of DNA damage. 36 One hour after IR (10 Gy), gH2AX levels increased significantly with 80-90% of cells showing a strong gH2AX signal (Figures 3a and b) . While, the number of gH2AX positive cells decreased over time following IR, a significantly increased proportion of casp2 À / À MEFs were gH2AX positive (40% at 6 h and 36% at 8 h) compared with casp2 þ / þ MEFs (30% at 6 h and 14% at 8 h) (Figures 3b). These observations indicate that caspase-2-deficient MEFs exhibit delayed DNA damage repair, and sustained levels of DNA damage following IR treatment.
We further assessed this persistent DNA damage over a longer time period using the CBMN assay. As expected, casp2 À / À MEFs displayed a significantly higher percentage of binucleated cells with MN compared with casp2 þ / þ MEFs 24 h after g-radiation and this was sustained up to 72 h after treatment (Figures 4a and b) . We observed a similar result in casp2 À / À iMEFs that displayed a more pronounced increase in IR-induced MN (Figure 4b ). We also noted that casp2 À / À MEFs exhibited a significant increase in the number of binucleate cells at all time points compared with casp2 þ / þ cells (Figure 4c ), which further demonstrates the ability of casp2 À / À cells to proliferate faster and overcome irradiation-induced cell-cycle arrest (Supplementary Figure S2) . The presence of MN suggest that casp2 À / À cells more frequently enter mitosis with damaged DNA, leading to GIN.
Caspase-2 deficiency enhances aneuploidy. Aberrant proliferation and mitotic checkpoint control, as well as abnormalities in DSB repair leading to accumulative DNA Arf and p16
INK4a
, were assessed by qPCR. Doubling time (e) and proliferation rate (f) of iMEF clonal populations derived from Casp2 þ / þ and Casp2 À / À primary MEFs. Data from primary MEFs show mean ± S.E.M. from at least three different batches of MEFs. Data from iMEFs were taken from 2-3 independent experiments and show mean ± S.E.M. where indicated. *Po0.05, **Po0.01 À / À MEFs by passage 4 (30%) with a corresponding increase in the number of tetraploid cells (55%) compared with casp2 þ / þ P4 MEFs (65% diploid and 30% tetraploid). In addition, casp2 À / À MEFs displayed a higher frequency of polyploidy (44N) compared with casp2 þ / þ MEFs at each passage ( Figure 5b ). Given that loss of caspase-2 enhances EmMyc-induced lymphomagenesis, 17 we also assessed ploidy in caspase-2-deficient EmMyc tumours. Analysis of metaphases from lymphoma cells derived from both EmMyc and EmMyc/casp2 À / À mice demonstrated that the majority of tumour types were diploid (40 chromosomes, n ¼ 50), however, there was an increased number of aneuploid cells in EmMyc/casp2 À / À lymphomas with a significant number of these tumours displaying gain of chromosome number (440) (Figures 5c and b) . These data indicate that loss of caspase-2 increases tumour aneuploidy in vivo.
To investigate whether the increased ploidy observed in the caspase-2-deficient cells was associated with increased chromosomal breaks, we visualised chromosome ends by telomere FISH using the telomere probe PNA-Cy5. Although we did not observe any significant differences in the frequency of chromosomal breaks in casp2 þ / þ and casp2 À / À MEFs (data not shown), we found that late passage casp2
MEFs exhibited a decrease in telomere staining of a significantly higher number of chromosomes per cell (Figure 6a ). There was also no evidence of chromosomal breaks in lymphoma cells, but again we noted a significant increase in the number of chromosomes that displayed decreased telomere fluorescence in EmMyc/casp2 À / À lymphomas, which is directly associated with loss of telomere length (Figure 6b ). These findings provide evidence for a role of caspase-2 in maintenance of telomere length and genomic stability.
Loss of caspase-2 attenuates p53 signalling. Increased proliferative capacity, decreased senescence and GIN have all been associated with loss of p53 function. 28 We examined the levels of Trp53 and its transcriptional targets by quantitative PCR in casp2 þ / þ and casp2 À / À MEFs over serial passages in culture. Although the levels of Trp53 transcript were increased in progressively passaged MEFs, there was no significant difference between casp2 þ / þ and casp2 À / À MEFs ( Figure 7a ). We found that the transactivation of the p53 target gene, p21 was significantly impaired in casp2 À / À MEFs compared with the casp2 þ / þ MEFs as we had observed previously (Figure 7a) . 17 In addition, the transcript levels of the p53 target genes involved in apoptosis, puma and noxa, were lower, indicating a general defect in p53 signalling in casp2 À / À cells ( Figure 7a ). We next assessed the levels of Trp53 transcript, following IR-induced DNA damage in casp2 À / À MEFs. Trp53 transcript levels increased following irradiation of casp2 þ / þ cells, and were significantly lower at 24 h in casp2 À / À (Figure 7b ). In addition, the transactivation of p21 and puma was significantly attenuated in casp2
MEFs following IR, whereas noxa expression was similar in both casp2 (Figure 7b ), indicating that there may be differential regulation of p53 target genes in casp2 À / À MEFs. These findings further demonstrate that loss of caspase-2 affects p53-mediated DDR following IR.
To investigate the levels and activation of p53 protein, we carried out immunoblot analysis of total and phosphorylated p53 (Ser18). Although total p53 protein levels increased by 4 h in both casp2 þ / þ and casp2 À / À MEFs, there was a marked reduction in p53 protein induction following IR (10 Gy) in casp2 À / À MEFs (Figure 8a ). Similarly, there was a significant reduction in the levels of phophorylated p53 (Ser18) and p21 levels in caspase-2 -deficient cells compared with casp2
MEFs (Figure 8a) . We also observed a marked reduction in IR-induced p53 activation and reduced p21 protein levels in casp2 À / À iMEFs (data not shown). Re-expression of Casp2-GFP was able to restore p53 activation and p21 protein induction in casp2 À / À MEFs following IR (Supplementary Figure S3a) .
As p21 protein and transcript expression can also be regulated independently of p53, 37 we transfected MEFs with a stabilised p53 (D13-59) construct to determine whether the decreased p21 was p53-dependent. We found that expression of p53 resulted in increased p21 protein levels in casp2 À / À MEFs (Supplementary Figure S3b) . This further indicates that the decreased p21 protein induction is caused by reduced p53 function in casp2 À / À MEFs. It should be noted that we cannot rule out possible increases in p53 activation caused by apoptosis induced by over-expression of both caspase-2 and p53 in our assays.
We further assessed the p53-mediated DDR in lymphoma cells from EmMyc and EmMyc/casp2 À / À mice. Interestingly, EmMyc/casp2 À / À lymphoma cells also showed significantly reduced or absent phospho-p53 levels and reduced induction of p21 protein compared with EmMyc lymphoma cells (Figure 8c ). This further supports a function for caspase-2 in regulating p53 activation and indicates that reduced p53 function may contribute to the enhanced tumourigenesis in caspase-2-deficient EmMyc mice.
To confirm if a defective p53 response is specifically due to the absence of caspase-2, we assessed p53 and p21 protein levels following siRNA-mediated knockdown of caspase-2 in U2OS cells, which carry wild-type p53. We consistently achieved 490% knockdown of caspase-2 in U2OS cells (Figure 8b ). Caspase-2 depleted U2OS cells also showed significantly reduced levels of total p53 protein, phospho-p53 (Ser15) and p21 levels following IR (Figure 8b) .
The observed reduction in total p53 levels and activity indicates that caspase-2 may function by regulating p53 activity by affecting protein stability. We therefore assessed p53 stability in casp2 À / À MEFs, by a cycloheximide chase following 4 h IR treatment, a time when we observe maximal induction of p53 (Figure 8a ). Although p53 protein levels decreased in casp2 þ / þ MEFs by 30 min, we did not observe any significant reduction in p53 levels in casp2 À / À MEF during this time period (Figure 8d ). Re-expression of wild-type caspase-2 could partly restore p53 levels 4 h after IR, but did not appear to affect p53 turnover (Supplementary Figure S4) . In further experiments we used Nutlin-3a, which inhibits the interaction between Mdm2 and p53, and thus enhances p53 stability. Interestingly, we found that Nutlin-3a treatment did not restore the levels of IR-induced p53 protein in casp2 À / À MEFs, indicating that the effect of caspase-2 on p53 regulation may be independent of Mdm2 (Figure 8e ). Together these findings indicate that caspase-2 is required for p53 activation and signalling during DDR, and the impairment of p53 activity in caspase-2-deficient cells may, at least in part, be responsible for the observed increase in DNA damage, and aneuploidy. 
Discussion
In this study we demonstrate that loss of caspase-2 leads to increased genetic instability in MEFs and in EmMyc tumour cells. In addition, caspase-2 deficiency leads to defective p53 signalling following IR-induced DNA damage. These findings explain, at least in part, how loss of caspase-2 may lead to an increased propensity for oncogene-mediated transformation. 17 We have shown that casp2 À / À MEFs are readily immortalised in culture and that immortalised caspase-2-deficient MEFs show a checkpoint defect following IR. Previous reports have also implicated a role for caspase-2 in cell-cycle checkpoint regulation. 17 As a consequence, casp2 À / À MEFs accumulate more replicative stress-induced DNA damage, which can manifest as increased aneuploidy. These observations are consistent with a non-apoptotic function of caspase-2 in fine-tuning of the stress response.
Casp2 À / À MEFs display a significantly higher level of DNA damage as indicated by the increased presence of MN and gH2AX foci compared with casp2 þ / þ MEFs over time in culture and following IR. gH2AX recruitment to DNA DSB is important for initiating DNA repair and removal of gH2AX is necessary for cell-cycle progression. 38 We have shown that loss of caspase-2 leads to defective cell-cycle checkpoint maintenance, and cells readily escape IR-induced arrest, which would lead to inefficient repair of DNA and accumulation of IR-induced DNA damage. Mitotic entry in the presence of unrepaired DNA damage can cause errors in chromosome segregation that leads to GIN and aneuploidy. 35 As increased chromosomal breaks in casp2 À / À MEFs in culture were not seen, it is likely that the MN observed over serial passages originate from improper chromosome separation, consistent with increased aneuploidy in casp2 À / À MEFs. These findings indicate that caspase-2 function may be required to initiate an efficient response to DNA damage to prevent GIN.
We have previously shown that an absence of caspase-2 enhances the development of EmMyc induced B-cell lymphomas. 17 Our studies here further show that EmMyc /casp2 shown to induce GIN. 39 For example, E1A/Ras transformed p53 À / À MEFs display increased GIN caused by increased ROS production. 39 We have recently reported that caspase-2 deficiency leads to increased ROS and oxidative stress in old mice 13 but whether this is the reason for the increased GIN in casp2 À / À primary cells and tumours is unclear. Interestingly, we have shown that casp2 À / À MEFs readily escape replication-induced senescence in culture and this is associated with low levels of p16
INK4a and p19 Arf . This, together with the increased GIN associated with loss of caspase-2, may provide a significant driving force that permits casp2 À / À cells to become immortalised or transformed by oncogenes more readily. 17, 39 Similarly, casp2 À / À MEFs become aneuploid more readily than casp2 þ / þ MEFs upon co-expression of E1A and oncogenic Ras, 17 indicating that oncogeneinduced GIN is exacerbated in the absence of caspase-2.
Our studies, using caspase-2-deficient primary MEFs and EmMyc lymphoma cells, show that loss of caspase-2 leads to defective activation of p53 as assessed by reduced phosphorylation of p53 (Ser18) and reduced transactivation of p21 following IR indicating that caspase-2 functions to control the DNA-damage response following genotoxic stress. The reduced p53 activity observed in cells following serial population doublings and following IR may mediate the decreased sensitivity to cell-cycle arrest and increased DNA damage thereby causing GIN. Importantly, we have also observed that loss of caspase-2 leads to reduced IR-mediated p53 activation and p21 induction in EmMyc lymphoma cells. We further noted a reduced frequency of p53 mutations in many EmMyc/casp2 À / À lymphomas, compared with EmMyc lymphomas (data not shown). These findings place caspase-2 function upstream of p53, which would alleviate the selective pressure for p53 inactivation in tumours.
A recent study reported reduced p21 protein levels, but not the transcript, following depletion of caspase-2 by siRNA in IR-treated HCT116 cells. 33 Consistent with this, we also observed reduced p21 protein levels in caspase-2 siRNAdepleted U2OS cells following IR, without significant changes in transcript levels (data not shown). These findings are consistent with another recent report implicating caspase-2 in post-transcriptional regulation of p21. 34 In contrast, in casp2 À / À MEFs, we observed both reduced p21 transcript and protein levels. The discrepancy between casp2 À / À MEFs and acute knockdown of caspase-2 in cell lines may be due to cell-type specific variations in the p53-response and the nature and extent of DNA damage, which is highly dependent on the proliferative capacity of the cells. Despite this apparent disparity, the data indicate that caspase-2 has a role in regulating the DNA-damage response via p53 activation and function.
A recent in vitro study has found that caspase-2 cleaves Mdm2. 40 This cleavage results in removal of the C-terminal RING, the domain required for p53 ubiquitination and this promotes p53 stability. Thus, according to this model, following DNA damage, caspase-2 has a role in a positive feedback loop that inhibits Mdm2, enhancing p53 stability and activity. While consistent with our observations of reduced p53 function in caspase-2-deficient cells, our Nutlin-3a experiments indicate that caspase-2 may regulate p53 in an Mdm2-independent manner. Further work is required to delineate and fully understand the mechanism of p53 regulation by caspase-2.
The inactivation of both p16 INK4a /pRB and p19 ARF /p53 pathways have been associated with the onset of tumourigenesis. 28, 31 In particular, loss of p53 is associated with decreased telomere length and an increased propensity for aneuploid cells to transform. 28 Interestingly, casp2
À / À mice do not develop spontaneous tumours with age and we do not observe increased thymoma development following repeated low dose IR treatment of mice (unpublished data). This suggests that there may be other limiting factors in aneuploidy-induced tumourigenesis 29 and the function of caspase-2 as a tumour suppressor may become important only following oncogenic stress. Although caspase-2-deficient MEFs display reduced telomere length and reduced p53 activation following DNA damage, we do not detect a complete loss of p53 function. Following oncogenic stress, decreased p53 function in casp2 À / À cells would enhance survival of aneuploid cells and augment oncogene-induced chromosomal damage by allowing DNA damage to persist unchecked. Together, this would facilitate increased cellular transformation by E1A/Ras or c-Myc oncogenes and increase the ability of transformed cells to become tumourigenic. 17 Our findings thus provide evidence that loss of caspase-2 results in a defective DNA-damage response and as a consequence, cells lacking caspase-2 accumulate DSBs and display chromosome aberrations and aneuploidy. These findings provide direct evidence that caspase-2 has a crucial role in the maintenance of chromosome stability, partly via regulating p53 function. Our data suggest that caspase-2 may function by fine tuning key tumour suppressor networks and has an important role in eliminating cells with genetic aberrations thereby preventing cellular transformation and oncogenesis. The fundamental question remains as to whether caspase-2 regulates p53 by directly targeting Mdm2 in vivo or whether caspase-2 indirectly regulates p53 through other tumour suppressor proteins (i.e. p19, p16) or oncogenes (Ras, Myc). 17 Methods Animal studies. Caspase-2 knockout mice (originally from Professor David Vaux, WEHI, Melbourne, VIC, Australia) have been described previously. 9, 17 All animals were housed and treated in accordance with protocols approved by the SA Pathology / Central Northern Health Services Animal Ethics Committee. All mice were re-derived at our animal resource facility. EmMyc transgenic and EmMyc transgenic/casp2 À / À mice have been described previously. 17 EmMyc transgenic and EmMyc transgenic/casp2 À / À mice were monitored daily for tumour development and lymph nodes were extracted once tumours were palpable.
Cell culture. Primary MEFs were derived from wild-type and casp2 À / À embryos at day 13.5 as previously described. 6, 17 Cells at the time of seeding were labelled as passage 0 (P0). MEFs were grown and maintained in high-glucose Dulbecco's Modified Eagles Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) with 0.2 mM L-glutamine (Sigma-Aldrich), 15 mM HEPES (Sigma-Aldrich), 10% fetal bovine serum (FBS, JHR Biosciences, Brooklyn, VIC, Australia) and supplemented with 50 mM b-mercaptoethanol (Amersham Biosciences, Sunnyvale, CA, USA), non-essential amino-acid mix (Sigma-Aldrich), 100 mM penicillin/ streptomycin (Sigma-Aldrich). Cells were cultured in a humidified incubator at 37 1C with 10% CO 2 . MEFs at passage 1-3 (P1-P3) were used unless otherwise indicated and at least three independently generated MEF lines per genotype were used. iMEFs were generated by serial passaging of MEFs in culture, using the 3T3 subculture method. 32 Late passage MEFs (P6-P8) that were able to overcome senescence and formed colonies were expanded and termed immortalised. At least three individual cell clones from two independent MEF lines were assessed in all experiments.
Lymphoma cells from EmMyc transgenic and EmMyc/casp2 À / À mice were cultured in DMEM with 10% FBS supplemented with 50 mM b-mercaptoethanol and 100 mM asparagine in a humidified incubator at 37 1C with 10% CO 2 . U2OS cells were cultured in DMEM supplemented with 10% FBS, 15 mM HEPES in the presence of 100 mM penicillin/streptomycin in a humidified incubator at 37 1C with 5% CO 2 .
Cell . Fluorescent chromosome images were captured using an epifluorescence microscope (model BX51; Olympus, Munster, Germany) and camera (UCMAD3/ CVM300, Olympus). Cells were visualised under Â 40 or Â 100 ULAPO objective lens with NA ¼ 1.5. Images were processed using Olysia BioReport Software (Olympus) and manually merged using Adobe Photoshop 6.0 software (San Jose, CA, USA).
Immunoblotting. Cells were lysed in 25 mM Tris/HCl pH 7.4, 150 mM NaCl, 1% nonyl phenoxylpolyethoxylethanol (NP-40, MP Biomedicals, Solon, OH, USA), 1% sodium deoxycholate, 0.1% sodiumdodecyl sulphate (SDS, Sigma-Aldrich), in the presence of protease/phosphatase inhibitor cocktail (Thermo Scientific, Rockford, IL, USA). 20-50 mg total protein in SDS protein buffer (100 mM Tris-HCl pH 6.8, 200 mM dithiothreitol, 4% SDS , 0.2% bromophenol blue, 20% glycerol) was resolved by SDS-PAGE and transferred to polyvinylidine difluoride membrane. Membranes were blocked in 5% skim milk-TBST (Tris Buffered saline in 0.05% Tween20) and incubated with the following primary antibodies: antiphospho p53 (Ser15) rabbit antibody (1 : 1000 dilution, Cell Signaling, Danvers, MA, USA), 0.4 mg/ml anti-p53 mouse antibody (clone IC12 , Cell signaling or DO-1, Santa Cruz, CA, USA), 0.4 mg/ml anti-p21 mouse antibody (clone F5, Santa Cruz and clone SX118, BD Biosciences, Franklin Lakes, NJ, USA), 1 mg/ml anticaspase-2 rat antibody (11B4, Millipore, Billerica, MA, USA), 1 mg/ml b-actin mouse monoclonal antibody (AC15, Sigma-Aldrich). Proteins were detected by enhanced chemifluorescence or enhanced chemiluminescence (ECL-Plus, Amersham/Pharmacia, Piscataway, NJ, USA).
Immunofluorescence. Primary MEFs (1 Â 10 5 ) were seeded onto glass cover slips before exposure to g-radiation (10 Gy). Cells were fixed in 4% paraformaldehyde for 15 min at 4 1C, permeabilized with 0.25% Triton X-100/PBS for 10 min. Cells were incubated with anti-phospho histone H2AX (Ser139) (Cell Signaling) at 1 : 50 dilution in blocking solution overnight at 4 1C, followed by addition of donkey anti-rabbit Alexa Fluor 488 secondary antibody (Molecular Probes, Eugene, CA, USA) (1 : 1000 in blocking solution) and then counterstained with 2 mg/ml 4 0 ,6-diamidino-2-phenylindole (DAPI, Roche) for 5 min. Cover slips were mounted onto glass slides with ProLong Gold Antifade reagent (Molecular Probes). Fluorescent images were captured using an epifluorescence microscope as above. At least 300 cells were scored in each experiment for each sample.
Micronucleus assay. Cells were seeded onto coverslips, and left untreated or g-irradiated (5-10 Gy) and incubated for 24, 48 or 72 h. Cells were also treated with 4 mg/ml cytochalasin B (Sigma-Aldrich) and incubated a further 24 h before fixation in methanol:glacial acetic acid mix (3 : 1). Cells were stained with 2 mg/ml DAPI (Roche) for 5 min and MN visualised by on an epifluorescence microscope (model BX51; Olympus) at Â 40 and Â 100 magnification as above. At least 500-1000 cells were counted per slide.
Senescence associated b-gal staining. Senescence b-galactosidase staining kit (Cell Signaling) was used to identify senescent cells. Briefly, cells were fixed for 10 min and then rinsed thoroughly in PBS and incubated with the X-gal staining solution for 30 min at 37 1C. The stained cells were washed with PBS and mounted in glycerol.
Transfections and siRNA. Casp2-GFP construct and a vector control (pEGFP-N1) (2 mg each) were transfected into casp2 þ / þ or casp2 À / À MEFs using Lipofectamine LTX and PLUS reagent (Invitrogen, Carlsbad, CA, USA). P53 (D13-59) expression construct was kindly provided by Dr. Ygal Haupt (Peter MacCallum Cancer Centre, Melbourne, VIC, Australia). Cells were incubated with the transfection complexes for 16 h and then treated with IR for the indicated times before harvesting for protein analysis. siRNAs were purchased from Shanghai GenePharma (Shanghai, China): control siRNA (5 0 -UAAGGCUAUGAAGAGAU ACTT-3 0 ); human caspase-2 siRNA (position #102)(5 0 GUUGUUGAGCGAAUUGU UATT-3 0 ). U2OS cells (3 Â 10 5 ) were transfected with siRNAs (50 nM) in Opti-MEM (Sigma-Aldrich) using TransIT-TKO siRNA transfection reagent (Mirus, Madison, WI, USA) according to the manufacturer's instructions. After 30 h, media was replaced and cells were allowed to recover for 16 h before g-irradiation (10 Gy) from a 137 Cs source.
Quantitative PCR analysis. Total RNA was isolated from MEFs using TRIzol reagent (Invitrogen) and cDNA synthesised using oligo-dT primers, and High Capacity cDNA reverse transcription kit (Applied Biosciences, Foster City, CA, USA). Real-time PCR was performed on a Rotor-Gene 3000 (Corbett Research, Mortlake, NSW, Australia) using RT Reactions were performed in triplicate and the mRNA expression levels normalised against the internal control gene b-actin using the 2 À nnCT method.
Protein stability assays. For cycloheximide chase analysis, casp2 þ / þ and casp2 À / À primary MEFs were grown in 60-mm dishes, irradiated (10 Gy) for 3-4 h and then treated with cyclohexomide (20 mg/ml). Cells were harvested at the indicated times over a 4-h time course and proteins separated by SDS-PAGE. The MDM2 antagonist, Nutlin-3a (10 mM) (Cayman Biochemicals, Denver, CO, USA) was added to MEFs and cells harvested at the indicated times following treatment and analysed for p53 protein levels.
Statistical analysis of data. Student's t-test was used for all data analysis unless otherwise stated. Data are expressed as mean±S.E.M. Po0.05 was considered significant.
